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1. Introduction

sc2 is a new implementationof the Streams-Clanguageandcompiler. The Streams-Cprogrammingmodel is that of
communicatingprocesses.A systemconsistsof a collection of processesthat communicateusing streamsand signals.
Processescan run either in softwareon conventionalprocessors(SP)or in hardwareon FPGA processors(HP). The sc2
compileris usedto compileFPGAprocessesin hardware.Thecompilertranslatesasubsetof C into Register-Transfer-Level
(RTL) VHDL that is synthesizableon FPGAs. The sc2 compiler synthesizeshardwarecircuits for oneor more FPGAs
aswell asa setof communicatingprocesseson conventionalprocessors.The languageextensionsallow pipelinedstream
computation,sothatthegeneratedhardware/softwareis capableof pipelininga computationacrossmultiple FPGAsandthe
conventionalprocessor.

Our programmingmodelis targetedat stream-orientedFPGAapplications.Characteristicsof stream-orientedcomputing
includehigh-data-rateflow of oneor moredatasources,fixedsize,smallstreampayload(onebyteto oneword), compute-
intensiveoperations,usuallylow precisionfixedpointonthedatastream,accessto smalllocalmemoriesholdingcoefficients
andotherconstants,andoccasionalsynchronizationbetweencomputationalphases.

This sc2releaseprovideshardwarelibrariesfor theAnnapolisMicro Systems(AMS) Firebirdboard,which containsone
Xilinx Virtex-E FPGA on a 64-bit PCI bus. This manualdescribesthe Streams-Chardwarelibrary usedto facilitate the
hardwareinterfacebetweentheStreams-Chardwareprocessesandthetargethardwareboard.It describeshow to compilea
VHDL simulationof thehardwareprocessesandhow to generateanexecutable(bit stream)for thehardware.

1.1. Scope of this Reference Manual

Thepurposeof this referencemanualis to enabletheuserto generateabit streamfor hardwareanddescribethehardware
interfacebetweenthesc2generatedhardwareprocessesandtheAMS Firebirdboard.It is assumedtheuseris familiar with
VHDL or otherhardwaredescriptionlanguages.

2. Streams-C Hardware Library Components

� HardwareStreamsComponents- highbandwidthsynchronouscommunications(tested32-bit datastreams)

StrmFifoWrite- softwareto hardwarefifo module

StrmFifoRead- hardwareto softwarefifo module

StrmIntraRead- hardwareto hardwarestreamsfifo module

StrmIntraWrite- hardwareto hardwarestreamsfifo module

Fifo16 - internalfifo usedin theabovestreamfifo modules.

� HardwareSignalComponents- low bandwidthasynchronouscommunications(tested32-bit datasignals)

Sig Recv- softwareto hardwareprocesssignalreceive

Sig Send- hardwareto softwareprocesssignalsend

� ExternalMemoryComponent- tested64-bitmemorydata

Sc Mem- interfacefrom hardwareprocessto the64 bit memories

Sc Mem4- interfacefrom hardwareprocessto the32-bit externalmemory

� Block RamComponents- tested32 and64-bit blockramdata

Sc BRAM - 8, 16,32,64-bit block ramsconnectedto hardwareprocesses

LAD64 Mux BlockRam64- AnnapolisVHDL modulefor 64-bit by 256deep,dualport ram connectedto software
processvia theLAD busandhardwareprocess.

LAD64 Mux BlockRam- AnnapolisVHDL modulefor 32-bit by 256 deep,dual port ram connectedto software
processvia theLAD busandhardwareprocess.



� PipelineControlComponents

Indefinite- controlspipelinefor indefiniteloops(while)

Definite- controlspipelinefor definiteloops(for)

Note: testedboth for andwhile loops,have notedthat an indefinite loop (while) hasproblemswith terminatein some
schedulesthelasttwo piecesof dataaremissing,fixedthelibrary VHDL.

3. Functional Streams-C Hardware Library Description

3.1. Process Component

Theprocessmodulehastwo maincomponents,adatapathprocessandasequencer. Thedatapathprocessentityconsistsof
adatapathentity anda pipelinecontrolentity (if a whileor for loop is pipelinedwithin theprocess).Thesequenceris astate
machinefor sequencingthroughtheinstructionsetof theprocessmodule.If a stream,signal,externalmemory, or blockram
is usedin theprocess,thesignalinterfacefor thesecomponentsis includedon theprocessmodule’sport. Seefigure1.

3.2. Stream Components

Thehardwarestreamcomponentis usedfor high bandwidth,synchronouscommunicationbetweentheprocesses.These
areparameterizedmoduleswith respectto dataregisterwidth andfifo depth.Datawidth canbe16-bit,32-bit or 64-bit. The
fifo depthallowablecurrentlyis 16. The moduleshave separateData,EnableandReadysignalsasshown in figure 2 the
Enableis an input which meansthe dataon the input or outputport is valid. TheReadyis an outputsignalindicatingthe
moduleis readyto receivedata.

3.3. Signal and Parameter Components

Thehardwaresignalcomponentis usedfor low bandwidth,asynchronouscoordinationor flow controlbetweenprocesses.
Signalsareparameterizablewith respectto datawidth. Theconventionfor Enable,Ready, andDatais shown in figure2. The
Enableis an input to themodule,SigSend,which meansthedataon the input port is valid. TheReadyis anoutputsignal
indicatingthemodule,SigRecv, hasvalid dataon theoutputport.

Thehardwareparametercomponentis usedfor passinga variablebetweenprocessesandto initiate a hardwareprocess.
Parametersareparameterizablewith respectto datawidth. ThemoduleshaveseparateDataandEnablesignals.TheEnable
is anoutputthatmeansthedataon theoutputport is valid. A hardwareparameteris implementedasan input signalby the
sc2compiler.

4. Memory Interfaces

4.1. External Memory

WhenMemory is invoked in a hardwareprocess,if a pragmadoesnot exist to indicatea memorytype, the compiler
default is 64-bitexternalmemory(Mem 0). Whenmemoryis used,theportsfor address,data,andenables- MAR, MDR IN,
MDR OUT, RD EN, WR EN respectivley appearon thehardwareprocessentity. They areconnectedthroughthehardware
streamslibrary to theFirebirdboard.Thehardwareprocessesandstreamscomponentsfor externalmemory, SC Mem (64-
bit memories),SC Mem4(32-bit memory)connectto theAnnapolishardwarewith a Mem64 Mux Priority IF component.
This Mem64Mux allows multiple connectionsto external memory- one to connectto the LAD bus, allowing memory
to be loadedfrom the host,andoneor moreasneededto connectto hardwareprocesses.The Mem64Mux Priority IF
componentconnectsto the LAD64 Mem64Bridge componentwhich facilitatesloadingto externalmemoryvia the LAD
bus/PCIbus. Dual port rams(64-bit x 256wordsdeep)arecontainedwithin theLAD64 Mem64Bridgecomponent(each
Bridgecomponentuses2 blocksof theVirtex Block RAM). TheLAD64 Mux IF is themux interfaceto theLAD buswhich
connectsto thePCI controllerandthehostasshown in figure3. The32-bit externalmemory, mem4,usesa separatesetof
Annapoliscomponents- SC Mem4,Mem32Mux Priority IF, LAD64 Mem32 Bridge,LAD64 Mux IF. Figure4 describes
theexternalmemorytypes.Also reference/streamsc/apps/arch/Firebird.def

Notes:
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� TheStreams-Cexamplestestedtodateusea LAD busspeedof 66 MHz. TheLAD busis adjustableto either33MHz
or 66MHzwith AnnapolisPCI controllerversion3.0.

� It is recommendedto setthe memoryclock, SC MCLK, for the run time simulation,sim rt, to matchthe placeand
routemaximumfrequency.

4.2. Block RAM

For localdatastorage,theStreams-Chardwarelibrariesallow theuserto connectto blockRAM in two ways:awrite/read
to a streamor a hostsoftwareprocessload/unloadblock RAM data,examplesstrm3andmem3respectively. Seefigures6
and7 for theStreams-Chardwareimplementationof blockRAM.

Streams-Cusesa pragmastatementfor selectionof a block RAM type. Seefigure 5 for the typesof block RAM the
Streams-Chardwarelibrary provides. (Thesetype definitionsarelocatedin /streamsc/apps/arch/Firebird.def)The pragma
statementfor ablockramtype,B L, of size64-bitx 256is shown below whereA is thenameof thearrayin theuserprogram
andthemaximumsizeof A is 256. A readfrom block RAM canbeplacedin a local variable,data,or in anoutputstream.
Thesestatementsareidenticalto thoseusedfor externalmemory. A write andreadwith respectto block RAM is equivalent
to thefollowing C statements:

#pragma SC memory B_L A
data = sc_stream_read(input_stream);
A[i] = data; //write data to block ram
data = A[i]; //read from block ram and place in a variable, data
for(i=i-1; i>=0; i--)

sc_stream_write(output_stream, A[i]);//read from block ram and place in output_stream

Thehardwarestreamslibrary componentsthatsupportblockRAM load/unloadfrom thehostareLAD64 Mux BlockRam64
(64-bit x 256),andLAD64 Mux BlockRam(32-bit x 256). Theselibrary componentsusedualportedRAM with oneport



type width (bits) size
mem0 64 1000000
mem1 64 1000000
mem2 64 1000000
mem3 64 1000000
mem4 32 500000

Figure 4. Streams-C External Memor y Types

SinglePorttype width (bits) size
B A 8 128
B B 8 256
B C 8 512
B D 16 128
B E 16 256
B F 16 512
B G 32 128
B H 32 256
B I 32 512
B J 64 128
B K 64 256
B L 64 512
B M 1 4096
B N 2 2048
B O 4 1024

DualPorttype width (bits) size
DP 1 32 256
DP 2 64 256

Figure 5. Streams-C Bloc k RAM Types

connectedto theLAD busandtheotherport connectedto thehardwareprocessport(s).For anexampleof how to loadand
unloadblock RAM from thehostsoftwareprocess,referencethemem3example.

Note: StreamsCexpressesmemorylatency of a read(load)asthedelayafter thereadis issued,until thedatais available
on theport’sdata-register. For example,a one-cycle latency meansthedatais availablethecycleafterthereadis issued:

Latency one:
tick 1 - setmarandenablebit
tick 2 - copy mdr into userregister.
With this definition, latency is always at leastone. For the userwho wishesto definea new hardware target board,

read(load)latency is thedelayrequiredfor thedatato beavailablein theport’sdata-register. For theAMS Firebirdboard,an
externalmemorywrite executesin onecycle, a readexecutesin 6 cycles. TheVirtex-E chip executesa write anda readin
onecycleusingblockRAM. See/streamsc/apps/arch/Firebirdmem.deffor definitionsof loadandstorelatencies.

5. Using sc2

ThegeneratedVHDL command,”make filenameall.vhd” generatesthefollowing VHDL outputfiles: filenameall.vhd,
filenamearch.vhd.Thefilenameall.vhd file containsthe generatedVHDL for the hardwareprocesseswhich consistsof a
datapath,sequencer, andindefiniteor definitehardwarelibrary component(if a for or while loop exists) for eachhardware
processdefinedin theStreams-Cprogram,filename.scThearchitecturefile, filenamearch.vhd,usestheStreams-Chardware
library to connectthehardwareprocessesandany externalmemoryor block ramto the targethardwareboard. This file is
specificto AMS Firebirdboard,but canbemodifiedto targetauserdefinedboard.(seesection8).
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Thefollowing sectionsdescribehow to compileaVHDL simulationusingModelSimPE5.5e,how to compiletheVHDL
projectfiles for synthesis,andhow to generatea hardwarebit stream.

5.1. Tools Required

ModelsimPE5.5e
Xilinx CoreGen3.3.07i
Xilinx 4.1Tools
Synplify 7.0
AnnapolisVDHL version3.1
AnnapolishostAPI, version5.0.0

5.2. VHDL simulation

� GeneratetheXilinx Core Libraries

Prior to compiling for ModelsimtheXilinx corelibrary mustbegeneratedusingXilinx CoreGen3.3.07itool. How
do I compileXilinx CoreLibrarieson Modelsim? Go to the Xilinx website,TechnicalAnswerDatabase:8066and
TechnicalAnswerDatabase:2561

http://support.xilinx.com/xlnx/xilansdisplay.jsp?iLanguageID=1&iCountryID=1&getPagePath=8066

http://support.xilinx.com/xlnx/xilansdisplay.jsp?iLanguageID=1&iCountryID=1&getPagePath=2561

Readthesetwo Xilinx TechincalAnswerscarefully. Briefly, thecompilationinvolvessettingthecorrectpathsto the
library, settingsomeenvironmentvariablesandcompiling a vcom.dofile. The compilationgeneratesthe behavioral
modelsfor the Xilinx Coresusedwith the Modelsimsimulator. The /streamsc/vhdllib/sc xilinx/ directoryincludes
thevcom.dofile neededto generatethelibraries.BesureyouareusingXilinx CoreGen3.3.07i.

Note: If youarecurrentlyXilinx technologyuser, pleasecontacttheauthorsfor thepre-compiledXilinx corelibraries.

� SetLibrary andProjectPaths

Oncethe core librariesarecompiled,edit the mti vcom.dofile to setpathsto the Xilinx Core libraries,Annapolis
hardwarelibraries,Streams-Chardwarelibrary, andyour projectdirectory. Make sureyou have theAnnapolisBoard
VHDL modelsinstalledin a localdirectory.

setMODEL TECH ”D:/ProgramFiles/modeltech”

setANNAPOLIS BASE ”D:/Annapolis”

setPROJECTBASE ”F:/Firebird/strm/project”

setSC LIBRARY BASE ”F:/streamsc/vhdllib”

– Xilinx Logiblox supportfor RAM blocksvmapxilinxcorelib ”d:/xilinx/vhdl/src/XilinxCoreLib/xilinxcorelib”

PlacetheXilinx .mif files locatedin streamsc/vhdllib/sc xilinx/sim in yourPROJECTBASE directory.

� Edit yourProjectfilename

vcom-93 -explicit -work PE0Lib $PROJECTBASE/filenameall.vhd

vcom-93 -explicit -work PE0Lib $PROJECTBASE/filenamearch.vhd

� CreateyourHostVHDL program

Thereareexamplehostprogramsin thestrmandmemoryexamples,suchasstrm1,strm2,etc. Thesewill show how
to simulatea write/readto/from streams,signals,externalmemoryandblock ramfor ModelsimPE.Constructa host
programnamed,hostfilenamearch.vhd,andedit themti vcom.dofile line to includeit in thesimulation.

vcom-93 -explicit -work system$PROJECTBASE/hostfilenamearch.vhd

� Compile- Annapolisboard libraries,Streams-Chardware librariesandStreams-Cgeneratedprojectfiles

mti vcom.do



� Loadsystemconfiguration

Onceyour projecthascompiled,go to theModelSimSystemlibrary andloadsystemcfg, the top level configuration
module.

Note: TheAnnapolislibrariesonly needto becompletedoncefor eachprojectdirectory, soafterasuccessfulcompile
commentout theline –do$FIREBIRD PCI BASE/vhdl/systemvcom.do

5.3. VHDL synthesis

� Setenvironmentvariablesandedit projectfilenames

The VHDL synthesistool usedwith Streams-Cis Synplify 7.0. The vhdl lib/sc xilinx/syn directoryhasa synthesis
projectfile, pe0.prj,whichsetsall thedefaultsneededfor thesynthesistool. Edit thelocationof thepathsin thepe0.prj
file andedit thenamesof yourprojectfiles

–environmentvariables

setPROJECTBASE ”F:/firebird/strm/project”

setANNAPOLIS BASE ”D:annapolis”

setSC2LIB BASE ”F:/streamsc/vhdllib”

–projectfiles

addfile -vhdl -lib PE0Lib ”$PROJECTBASE/filenameall.vhd”

addfile -vhdl -lib PE0Lib ”$PROJECTBASE/filenamearch.vhd”

� SetClock frequency

SettheClock frequency optionto a desireddesignspeed.

setoption-frequency 66.000

� Runthepe0.prjprojectin Synplifyto generatea pe0.edffile

5.4. Hardware bit stream generation

� Copyyourpe0.edffile to $PROJECTBASE/pnrdirectory.

where$PROJECTBASE is thelocationof yourprojectfiles.

� Setpathfor AnnapolisVHDL mddels.

The/streamsc/vhdllib/sc xilinx/pnr directorycontainsamakefilefile. Edit thismakefileto setthepathfor thelocation
of theAnnapolisVHDL models.

setANNAPOLIS BASE ”D:/Annapolis”

� PlaceandRoutethedesign

PlacetheXilinx .ednfiles locatedin streamsc/vhdllib/sc xilinx/pnr in yourPROJECTBASE directory.

Openacygwin bashshell,andcdto yourprojectdirectorythentype,”$ANNAPOLIS BASE/shared/bin/makepe0.hex

where$ANNAPOLIS BASE is the locationof the AnnapolisVHDL models. This commandcreatesthe bit stream
- placesandroutesthe hardwaredesign.This stepwill take quite a bit of time dependingon the sizeof the project.
Decreasethedesignclock frequency if fasterroutingtimeis desired.Theconstraintsfiles,.ucf,etc. for placeandroute
aredefaultssetby AnnapolisMicroSystemsInc.

� Convertpe0.hex to pe0.x86

Oncethe .hex file hasbeengenerated,type ”D:/Annapolis/shared/bin/peutilspe0.hex andchooseoption 0) x86, to
convert thepe0.hex file into thecorrectformat. You have createda pe0.x86binaryfile, thehardwarebit stream.Use
this bit streamwith thesim rt simulationto run theapplicationon thehardware.



The .par log files from Xilinx reportsthe maximumfrequency achievedduringplaceandroute. Theusershouldset
SC MCLK, thedesiredfrequency for runningthebit streamon hardware,by settingconstantsin thesoftwareinclude
in the.scprogram:

#defineSC MCLK 20.0

#defineSC UCLK 50.0

A default is setto 20MHz by thepreprocessorif nothingis defined.Streams-ChardwarecomponentsusetheMCLK,
theuserdesignspeed,andtheKCLK, theLAD Busspeed.UCLK doesnotaffect thespeedof thehardwaredesignfor
Streams-C.

6. Hardware Implementation Notes

� Be sureto checkthe versionof the simulation,synthesisandplaceand route tools you areusingwith Streams-C.
Streams-Cwastestedanddevelopedwith thefollowing CAD tools: ModelsimPE5.5e–for VHDL simulation

Xilinx CoreGen3.3.07i– to generatethebehaviour modelsfor VHDL simulationandtheXilinx coresfor placeand
route

Xilinx 4.1Tools– to generatea bit stream

Synplify 7.0– to generatea netlist, pe0.edffile

AnnapolisVDHL version3.1–for simulation,synthesisandplaceandroute

AnnapolishostAPI ,version5.0.0

� Besureto checkthelog filesafterplaceandrouteto determinetheactualspeedatwhichyourdesignwasrouted.This
valueneedsto beenteredwith thesim rt, hostrun-timeprogram.

7. Examples

The programstrm2.schastwo softwareprocessesandtwo hardwareprocesses.The first softwareprocesshost1,with
run function host1run opensan output streamand writes a sequenceof integersto the stream. The boundon the loop
(“iterations”) is setby theinput argumentto theprograminvocation(eg. theinvocation“strm2 sim 400” causesa sequence
of integersfrom 0 to 399to bewritten to theoutputstream).

The streamsentby host1goesto a hardwareprocesscontrollerwith run function controller run. This processsimply
forwardsthestreamto thenext hardwareprocess,pe0proc run. pe0proc runhastwo phases.First it copiesits inputstream
to memory. (Note:no #pragmastatementis givenfor memory- thedefault is anexternal64-bitmemory, mem0.) Whenthe
wholestreamhasbeenreadinto memory, it readsbackthe datain reverseorderandwrites to its outputstream.The final
softwareprocess,host2,usingrun functionhost2run, readsthe streamfrom pe0proc run andprintsout thedatareceived
from thestream.

The two hardwareprocessesaregeneratedby the sc2compilerandplacedin the strm2all.vhd file. Thehardwarepro-
cesses,controller run,andpe0proc run areconnectedthroughtheHardwareStreamsLibrary componentsto theAnnapolis
boardmodelsin order to facilitate the hardware interfaceto the host workstationand memory. The strm2arch.vhdfile
representedin figure8 containsthe“systemconnectivity”.

Thestreamsc/vhdllib directorycontainsall of theStreams-Chardwarelibrary components.Seesection3.2for adescrip-
tion of thehardwarelibrary components.

8. Retarget Hardware Notes

Thisstrm2all.vhdfile is designedto be“stand-alone”andcanberetargetedto adifferentusersystem.Thearchitecturefile
andtheassociatedStreams-Chardwarelibrary modulesfor streams,signals,parametersandmemoryneedto beredesigned
for theusersystem.TheStreams-Cmemorytypesin thestreamsc/apps/arch/Firebird.defandFirebird mem.deffilesneedto
bemodifiedaswell.

The processdeclarationsandconnectscan reflectmultiple FPGA’s via the namingconvention,PE0,PE1, etc. in the
PE.deffile.
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9. Hardware-Bugs

� In theindefinitepipeline,at timesoneor two piecesof datawaslost at theendof a stream.

� Do not usethe#pragmaSCpipelinepragmain hardwareprocesseswhich containsc wait() calls.

� Arraysof processesarenot implementedin hardwareyet.

� Parametersarenot implementedin hardwareyet.

10. Style Issues

10.1. Optimization Hints

� Usefunctionssc bit insert()andsc bit extract()insteadof theshift left or shift right (” ��� ” or ” ��� ”) operators.

� Pointersarenot permitted.Indirectreferencemustbeaccomplishedthrougharrayreference.

� If mostof the160blocksof blockRAMs areusedfor amemoryintensiveapplication,theoverall timing of thedesign
maydecrease.Theplaceandroutetool routestheseblocksautomaticallyandtiming couldbeaffected.

10.2. Simulation vs. Synthesis

� Occasionallyit is usefulto write thecodein oneway for simulationandslightly differentfor synthesis.TheIF SIM
macrois providedfor thispurpose.

� We have foundthatC compilerbugssometimescauselargelocally allocatedarraysto getcorrupted.Thusto circum-
ventthebug in simulation,thearrayis globallyallocatedduringsimulationandlocally allocatedfor synthesis.



� TheusermaysetSC MCLK, thedesiredfrequency for runningthebit stream,by usinga softwareincludein the .sc
program.A default is setto 20 MHz by thepreprocessorif nothingis defined.Streams-Chardwarecomponentsuse
the MCLK, the userdesignspeed,andthe KCLK, theLAD Busspeed.UCLK doesnot affect the speedof theuser
designfor Streams-C.

� Consideryour applicationusageof streamsanddesignspeedissues.The LAD bus runsat 33MHz/66MHzon the
Firebird,soheavy demandson streamsmayresultin sloweroverall systemspeed.Seeexamplestrm4.

� For mulitiplicationof two or moreoperands,theresultis thesizeof thelargerof theoperandsunlesstheeachoperand
is cast.

� Thesc2compilercanpipelineblocksthatcontaincontrolflow statements,i.e. if-elsestatements.


